Hypertension-induced cardiac hypertrophy and apoptosis are major characteristics of early-stage heart failure. Our previous studies found that the activation of insulin-like growth factor receptor II (IGF-IIR) signaling was critical for hypertensive angiotensin II (ANG II)-induced cardiomyocyte apoptosis. However, the detailed mechanism by which ANG II regulates IGF-IIR in heart cells remains elusive. In this study, we found that ANG II activated its downstream kinase JNK to increase IGF-IIR expression through the ANG II receptor angiotensin type 1 receptor. JNK activation subsequently led to sirtuin 1 (SIRT1) degradation via the proteasome, thus preventing SIRT1 from deacetylating heat-shock transcription factor 1 (HSF1). The resulting increase in the acetylation of HSF1 impaired its ability to bind to the IGF-IIR promoter region (nt À 748 to À 585). HSF1 protected cardiomyocytes by acting as a repressor of IGF-IIR gene expression, and ANG II diminished this HSF1-mediated repression through enhanced acetylation, thus activating the IGF-IIR apoptosis pathway. Taken together, these results suggest that HSF1 represses IGF-IIR gene expression to protect cardiomyocytes. ANG II activates JNK to degrade SIRT1, resulting in HSF1 acetylation, which induces IGF-IIR expression and eventually results in cardiac hypertrophy and apoptosis. HSF1 could be a valuable target for developing treatments for cardiac diseases in hypertensive patients. Apoptosis has been implicated in a wide variety of cardiovascular disorders, including myocardial infarction and heart failure, suggesting that activation of apoptotic pathways contributes to cardiomyocyte loss and subsequently cardiac dysfunction. Previous studies reported that several extracellular molecules, such as insulin-like growth factors (IGFs) and angiotensin II (ANG II), are involved in the development of cardiac hypertrophy and apoptosis.
Apoptosis has been implicated in a wide variety of cardiovascular disorders, including myocardial infarction and heart failure, suggesting that activation of apoptotic pathways contributes to cardiomyocyte loss and subsequently cardiac dysfunction. Previous studies reported that several extracellular molecules, such as insulin-like growth factors (IGFs) and angiotensin II (ANG II), are involved in the development of cardiac hypertrophy and apoptosis. 1, 2 Elevated levels of the vessel contractor protein ANG II are commonly observed in hypertensive patients with cardiovascular diseases and heart failure; these findings suggest that stimulation by ANG II in the heart is associated with an increased rate of myocardial apoptosis. 3 Previous studies demonstrated that the binding of ANG II to its receptors activates the JNK, ERK and p38 pathways, implying that these downstream effectors may be implicated in the ANG II-induced cardiac cell hypertrophy. 4 However, the mechanism by which ANG II-induced IGF receptor (IGF-IIR) expression in heart cells leads to apoptosis remains elusive.
The IGF-IIR is a 300-kDa multifunctional type I transmembrane glycoprotein that is involved in lysosomal enzyme trafficking, IGF II clearance and tumor suppression. 5, 6 Several studies have shown fetal overgrowth and neonatal lethality in IGF-IIR-deficient mice as a consequence of major cardiac abnormalities, indicating that IGF-IIR has a vital role in normal cardiac morphogenesis and normal fetal growth. 7, 8 Our previous studies found that the upregulation of the IGF-II and IGF-IIR genes is essential for ANG II-induced cell apoptosis and correlates with the promotion of cardiomyocyte apoptosis in hypertensive rat hearts. [9] [10] [11] [12] [13] However, the detailed mechanisms underlying IGF-IIR gene regulation and the upregulation of IGF-IIR expression by ANG II remain unknown.
In this pioneering study, we first found that deacetylated heat-shock transcription factor 1 (HSF1) suppressed IGF-IIR gene expression. However, ANG II increased IGF-IIR expression by activating the downstream JNK via angiotensin type 1 receptor (AT 1 R) to degrade the HSF1 deacetylase sirtuin 1 (SIRT1). SIRT1 degradation then led to HSF1 acetylation, thus preventing HSF1 from binding to the IGF-IIR promoter (nt À 748 to À 585) and repressing IGF-IIR expression. This led to an increase in the level of IGF-IIR and its translocation to the membrane, resulting in downstream hypertrophy and initiation of the apoptosis signaling pathway in ANG II-stimulated cardiomyocytes and hypertensive hearts.
Results
ANG II stimulated IGF-IIR gene expression via its receptor AT 1 R. Our previous studies demonstrated that ANG II increased IGF-IIR mRNA expression via acetylation of histones H3 and H4, suggesting that ANG II regulated IGF-IIR expression in H9c2 cardiomyoblast cells. 14 ANG II has been reported to activate downstream signaling via the angiotensin type 1 and type 2 receptors (AT 1 R and AT 2 R, respectively) to elicit various biological responses. 1, 2 As shown in Figure 1a , the knockdown of AT 1 R reduced the upregulation of IGF-IIR expression by ANG II, whereas the knockdown of AT 2 R had no obvious influence on IGF-IIR regulation by ANG II. This finding implies that the ANG II-mediated enhancement of IGF-IIR mRNA expression might occur via AT 1 R. We then treated the H9c2 cells with either an AT 1 R blocker losartan or an AT 2 R blocker PD123319. Similar to the AT 1 R knockdown, losartan alleviated the ANG II-mediated induction of IGF-IIR mRNA expression ( Figure 1b) .
Next, we performed a luciferase reporter assay to measure IGF-IIR promoter activity. The promoter activity of IGF-IIR increased after treatment with ANG II, but there was no significant ANG II-mediated increase in the cells with silenced AT 1 R (Figure 1c) . Similarly, losartan also suppressed the stimulatory effect of ANG II on IGF-IIR expression. The forced expression of Flag-AT 1 R enhanced IGF-IIR promoter activity, suggesting that ANG II affected IGF-IIR mRNA expression via AT 1 R (Figures 1c and d) .
We also measured IGF-IIR protein expression in H9c2 cells with silenced or blocked AT 1 R. As expected, a reduction in the IGF-IIR protein levels was observed in cells with silenced or blocked AT 1 R (Figure 1e ). The overexpression of AT 1 R significantly enhanced IGF-IIR expression, which was accompanied by increased caspase-3 cleavage (Figure 1f ). Our previous studies demonstrated that surface IGF-IIR participated in IGF-IIR-induced cardiac hypertrophy and the apoptosis pathway. We thus measured the levels of membrane IGF-IIR by an enzyme-linked immunosorbent assay (ELISA; Figure 1g ). The results showed that the upregulation of membrane IGF-IIR following ANG II exposure was also AT 1 R-dependent. In the absence of AT 1 R, ANG II only slightly increased the levels of membrane IGF-IIR. Conversely, the overexpression of AT 1 R stimulated IGF-IIR translocation to the membrane. Taken together, these results indicate that ANG II stimulated the IGF-IIR apoptosis pathway via AT 1 R in cardiomyocytes.
JNK activation was involved in regulating IGF-IIR expression and membrane translocation. Several studies have reported that AT 1 R activation triggers the MAPK, p38 and JNK signaling pathways, leading to a variety of cellular outcomes. 1, 3, 4 Therefore, we wanted to determine which downstream signaling pathway participated in the regulation of IGF-IIR expression. By kinase inhibitor treatment, we found IGF-IIR expression decreased when PI3K inhibitor (LY294002), MEK inhibitor (U0126), ERK inhibitor (PD98059) or JNK inhibitor (SP600125) -but not p38 inhibitor (SB203580) -was combined with ANG II treatment. The knockdown of these kinases by siRNA similarly showed that PI3K, ERK and JNK were involved in the regulation of IGF-IIR expression, particularly with an ANG II treatment ( Figure 2b) .
Next, we determined whether the surface accumulation of IGF-IIR was reduced following these kinase inhibitor challenges. As anticipated, the levels of surface IGF-IIR decreased after the addition of the protein kinase inhibitors (Figure 2c ). However, only treatment with an MEK inhibitor (U0126) or a JNK inhibitor (SP600125) reduced IGF-IIR promoter activity; the JNK inhibitor was particularly effective (Figure 2d ). These results indicate that the different kinases regulated IGF-IIR via distinct mechanisms and that primarily JNK participated in the ANG II-induced upregulation of IGF-IIR gene expression, consistent with our previous studies. 10 To demonstrate that JNK activation was involved in IGF-IIR gene expression, the JNK activator anisomycin was used to challenge H9c2 cells. As shown in Figure 3a , the expression of IGF-IIR was gradually enhanced by anisomycin in a dosedependent manner. Moreover, IGF-IIR was more strongly located at the plasma membrane in the ANG II-treated (16.71 ± 2.17%) and anisomycin-treated (17.21 ± 3.22%) cells compared with the control cells (7.13±2.13%) (Figures  3b and c) . The treatment with both ANG II and anisomycin triggered IGF-IIR membrane translocation (23.42 ± 6.12%); however, this phenomenon was inhibited in JNK inhibitortreated cells (4.23±1.53%). These data thus indicate that JNK activation participated in the upregulation of IGF-IIR expression and membrane translocation and promoted the IGF-IIR apoptosis signaling pathway.
Heat-shock transcription factor 1 repressed IGF-IIR gene expression by binding to the IGF-IIR promoter region (nt À 748 to À 585) under normal conditions. Because ANG II stimulated IGF-IIR gene expression, we constructed IGF-IIR promoter deletion mutants to investigate which promoter segment affected IGF-IIR expression (Figure 4a ). We found that IGF-IIR promoter activity was much higher in the nt À 748B þ 11 region compared with that of the nt À 585B þ 11 region, suggesting that the deleted region (nt À 748 to À 585) was necessary for IGF-IIR promoter activity (Figure 4b ). Using a transcription factor search website (TFSEARCH), we identified one HSF1 binding site (nt À 733 to À 703) in this part of the IGF-IIR promoter (Figure 4c ).
To demonstrate that HSF1 bound to the putative heatshock element (HSE) at the IGF-IIR promoter in vivo, we performed chromatin immunoprecipitation (ChIP) for detecting DNA-protein interactions. As anticipated, the IGF-IIR promoter was detected using an HSF1-specific antibody; however, the interaction was abolished in the ANG II-treated cells, suggesting that HSF1 may be a negative regulator of IGF-IIR expression in H9c2 cells (Figure 4d ). Therefore, we silenced HSF1 using siRNA and examined the effect on IGF-IIR expression. A luciferase assay showed that the knockdown of HSF1 substantially elevated IGF-IIR promoter activity under normal conditions and slightly increased the activity in ANG II-treated cells, suggesting that HSF1 might negatively regulate IGF-IIR expression (Figure 4e ). We then used the HSF1 siRNA or an inhibitor (triptolide) for treating cells and detected elevated levels of IGF-IIR in the HSF1-deficient cells (Figure 4f ). The surface levels of IGF-IIR also increased in the HSF1-silenced cells, but decreased in the HSF1-overexpressing cells. Taken together, these results indicate that HSF1 acts as a transcription repressor to inhibit IGF-IIR expression in cardiomyocytes.
ANG II influenced the HSF1-mediated suppression of IGF-IIR via posttranscriptional modifications. Previous studies demonstrated that posttranslational modifications of HSF1, including phosphorylation and acetylation, can modulate its function by suppressing its transcriptional activity and DNA-binding activity. 15, 16 The phosphorylation of HSF1 has been shown to suppress both its transcriptional activity [17] [18] [19] [20] and its DNA-binding activity, 21 and HSF1 acetylation inhibited the DNA-binding activity. 22, 23 Because HSF1 lost its ability to bind the IGF-IIR promoter region following ANG II treatment, we thought that HSF1 might be phosphorylated or acetylated to inhibit its DNA-binding ability. Using subcellular fractionation, we found that the nuclear HSF1 was reduced, whereas the cytosolic HSF1 accumulated and showed phosphorylation at serine 303 ( Figure 5a ). Moreover, we observed that the decrease in the levels of nuclear HSF1 was dose-dependent. As shown in Figure 5b , the percentage of nuclear HSF1 decreased from 92.32% (control cells) to 65.31% (200 nM ANG II) (Figures 5b and c) .
To determine whether HSF1 acetylation was also involved in regulating IGF-IIR expression, we examined the acetylation level of HSF1 under ANG II treatment. Using forced expression of HSF1 and immunoprecipitation, we found that ANG II enhanced the acetylation level of HSF1 (Figure 5d ). Likewise, immunoprecipitation with antibodies specific to endogenous HSF1 precipitated the acetylated HSF1 (as detected by antiacetyl lysine antibodies), and vice versa (Figure 5e ), suggesting that ANG II induced HSF1 acetylation.
SIRT1 has been shown to serve as an HSF1 deacetylase to regulate its DNA-binding activity by deacetylating the HSF1 Lys80 residue. 15, 22, 23 Therefore, SIRT1 expression was measured during ANG II treatment. SIRT1 expression was reduced in ANG II-treated H9c2 cells compared with that in control cells, implying that ANG II might downregulate SIRT1 expression to induce acetylation of HSF1, thus further activating IGF-IIR expression (Figure 5f ). Collectively, these results indicate that ANG II regulated the HSF1-mediated repression of IGF-IIR through posttranslational modifications. The phosphorylated HSF1 that accumulates in the cytoplasm and the acetylated HSF1 are inactive, resulting in activation of the IGF-IIR apoptosis pathway.
The deacetylase SIRT1 negatively regulated IGF-IIR expression by deacetylating HSF1. We next examined whether SIRT1 regulated IGF-IIR expression. Western blot results showed that the knockdown of SIRT1 upregulated IGF-IIR expression (Figure 6a ). To determine whether SIRT1 The results revealed that the silencing of SIRT1 increased IGF-IIR mRNA expression, suggesting that SIRT1 might negatively regulate IGF-IIR to prevent cardiomyocyte apoptosis.
To determine whether the effect of SIRT1 on IGF-IIR expression involved its deacetylase activity, we overexpressed SIRT1-wt and SIRT1-H363Y, a deacetylase-defective mutant, and examined IGF-IIR expression during an ANG II treatment. We found that the SIRT1 activator resveratrol (RSV) attenuated the effect of ANG II on IGF-IIR expression (Figure 6b and Supplementary Figure 1A) . The overexpression of SIRT1-wt consistently reduced IGF-IIR expression. However, this phenomenon was not observed in SIRT1 H363Y-transfected cells, indicating that the deacetylase activity of SIRT1 is necessary for regulating IGF-IIR expression. Moreover, the overexpressed SIRT1 alleviated the ANG II-induced HSF1 acetylation and IGF-IIR expression, suggesting that SIRT1 negatively regulated IGF-IIR expression by modulating HSF1 acetylation (Figure 6c ). Likewise, we found that treatment with the SIRT1 inhibitor nicotinamide (NAM) increased IGF-IIR expression (Figure 6d ). However, this effect was eliminated by overexpressing HSF1 (Figure 6d) . Altogether, these results show that ANG II degraded SIRT1 to increase HSF1 acetylation, which reduced the ability of HSF1 to downregulate IGF-IIR.
Several studies have shown that JNK activation leads to SIRT1 degradation via the proteasome. 24 ,25 Therefore, we hypothesized that ANG II activated the JNK signaling to degrade SIRT1 and further increased HSF1 acetylation. We examined the influence of JNK inhibitor on HSF1 acetylation. As anticipated, the SIRT1 inhibitor NAM enhanced ANG IIinduced HSF1 acetylation; by contrast, the JNK inhibitor attenuated these effects (Figure 6e ). We also investigated whether SIRT1 degradation occurs via the ubiquitinproteasome system (Figure 6f) . Treatment with the proteasome inhibitor MG132 inhibited the ANG II-or anisomycin-induced SIRT1 degradation, implying that SIRT1 degradation is proteasome-dependent. To test this hypothesis, we immunoprecipitated SIRT1 to determine whether ANG II ubiquitinylated SIRT1. As shown in Figure 6g , SIRT1 was slightly ubiquitinylated under basal conditions, but ANG II increased its ubiquitinylation level. Taken together, these results demonstrate that SIRT1 negatively regulated IGF-IIR expression by deacetylating HSF1; however, ANG II activated JNK to degrade SIRT1 and increase HSF1 acetylation, thus enhancing IGF-IIR expression.
JNK enhances SIRT1 degradation, causing HSF1 acetylation and activation of IGF-IIR-induced hypertrophy and apoptosis in rat primary cardiomyocytes and animal models.
To further demonstrate that ANG II upregulated IGF-IIR via JNK activation and SIRT1 degradation in H9c2 cells, we used the JNK activator anisomycin, the SIRT1 activator RSV and the SIRT1 inhibitor NAM and examined their effect on ANG IIinduced IGF-IIR expression. As shown in Figure 7a , the ANG II and anisomycin treatments resulted in JNK activation. These treatments led to SIRT1 degradation and upregulation of IGF-IIR, which activated its downstream protein Gaq to cleave caspase-3 and increase the hypertrophy marker BNP. Interestingly, the SIRT1 inhibitor NAM enhanced the effect of ANG II on the expression of IGF-IIR, Gaq, caspase-3 and BNP. The SIRT1 activator RSV neutralized the effect of ANG II, suggesting that SIRT1 is the downstream effector of JNK. Moreover, we observed that JNK was activated to degrade SIRT1, resulting in HSF1 Ser303 phosphorylation and IGF-IIR upregulation in a dose-and time-dependent manner under the ANG II challenge (Supplementary Figures 1A and B) . The SIRT1 activator RSV alleviated the effect of ANG II, thus rescuing SIRT1 expression and reducing IGF-IIR expression (Supplementary Figure 1C) . The same phenomenon was observed in neonatal rat ventricular myocytes (NRVMs) (Figure 7b ). We isolated primary NRVMs and transfected them with Flag-HSF1 and the HSF1 siRNA. Following transfection, we challenged the cells with the JNK activator, JNK inhibitor and SIRT1 inhibitor. Anisomycin enhanced the effects of ANG II on IGF-IIR upregulation, SIRT1 degradation and caspase-3 cleavage. By contrast, the overexpression of HSF1 weakened the influence of both ANG II and anisomycin on IGF-IIR expression and caspase-3 activation. Similar results were observed under SIRT1 inhibitor treatment, but SP600125 diminished the effects. These results indicate that ANG II upregulated IGF-IIR through JNK activation, which led to SIRT1 degradation and a resulting increase in HSF1 acetylation. The enhanced expression of IGF-IIR eventually activated the downstream hypertrophy and apoptosis pathways.
To further confirm our hypothesis in vivo, we assayed protein expression in the heart tissue of spontaneously Angiotensin II inhibits the SIRT1-mediated deacetylation of HSF1 via JNK C-Y Huang et al hypertensive rats (SHRs) and SHR challenged with ANG II receptor blockers (ARBs). As with the ANG II treatment, we observed JNK activation, a reduction in SIRT1 and HSF1 and upregulation of IGF-IIR, BNP and activated caspase-3 in SHR heart tissue. Upon treatment with an antihypertension drug (irbesartan), the SIRT1 and HSF1 levels were recovered. Consequently, the IGF-IIR-induced cardiac hypertrophy and apoptosis were ameliorated (Figures 7c and d) .
Discussion
In this study, we demonstrated that ANG II increased IGF-IIR expression via an elaborate mechanism, which involves activation of the downstream kinase JNK1/2 through the AT 1 R to degrade the deacetylase SIRT1 via the proteasome. SIRT1 degradation then resulted in enhanced acetylation of HSF1, which diminished its ability to suppress IGF-IIR gene expression. IGF-IIR, whose expression was elevated, translocated to the plasma membrane and contributed to the progression of pathological hypertrophy and apoptosis ( Figure 8 ). These findings provide a well-characterized mechanism that may direct a therapeutic strategy for regulating hypertension-induced heart failure through the JNK1/2-SIRT1-HSF1-IGF-IIR pathway.
Several studies have shown that the loss of IGF-IIR results in fetal overgrowth, neonatal lethality and elevated levels of circulating IGF-II. 7 This embryonic death appears to be the consequence of major cardiac abnormalities, suggesting that IGF-IIR has an essential role in fetal growth and heart development. 7, 8, 26, 27 Our previous studies clearly demonstrated that the upregulation of IGF-II/IGF-IIR was involved in ANG II-induced cardiomyocyte apoptosis and was correlated with promoting cardiomyocyte apoptosis in hypertensive rat hearts. These results suggested that the apoptotic effect of ANG II might be caused by activation of the IGF-IIR signaling cascade. 10, 28 In this study, we have demonstrated that JNK1/2 activation positively regulated IGF-IIR gene expression. IGF-IIR, whose expression was enhanced, translocated to the plasma membrane and sensitized IGF-II to induce apoptosis. These findings support our previous studies. 10, 14, 29 We also observed that other kinases downstream of AT 1 R were involved in IGF-IIR expression. However, these kinases may have influenced IGF-IIR expression via different mechanisms, such as protein stability and degradation. The detailed mechanisms should be elucidated in future studies.
SIRT1 is considered to be a cytoprotective factor, which is involved in the pathogenesis of obesity, diabetes and aging. Previous studies have indicated that the loss of SIRT1 led to dilated cardiomyopathy and mitochondrial abnormality in the adult hearts of SIRT1-deficient mice. 30 Recently, several reports demonstrated that ANG II reduces SIRT1 expression, whereas the ANG II-induced cell hypertrophy is diminished by the activation of SIRT1. 31, 32 Moreover, the administration of RSV, a specific SIRT1 activator, suppressed cardiac hypertrophy and restored cardiac function, suggesting that SIRT1 is essential for cardiomyocyte development. 33, 34 Previous studies showed that JNK activation influences SIRT1 protein stability, 24 ,25 consistent with our observations. We found that a JNK1/2 activator (anisomycin) promoted SIRT1 degradation via the ubiquitinproteasome system. A proteasome inhibitor alleviated the JNK1/2-induced SIRT1 degradation. Therefore, our results demonstrate that ANG II reduced SIRT1 protein expression via JNK activation.
HSF1 is a transcription factor associated with cellular responses to divergent pathophysiological stresses, such as myocardial ischemia/reperfusion. [35] [36] [37] In unstressed cells, HSF1 is present in both the cytoplasm and the nucleus. In response to stress stimuli, HSF1 accumulates within the The activation of SIRT1 maintained HSF1 in the deacetylated active state and prolonged its binding to HSEs. Conversely, the downregulation of SIRT1 increased HSF1 acetylation to release HSF1 from HSEs. These results support our observation that ANG II activated JNK and thus caused SIRT1 degradation, leading to an increase in HSF1 acetylation. However, our results do not exclude the possibility that ANG II enhanced HSF1 acetylation by promoting the activity of the acetylase p300. 15 Previous studies have shown that posttranslational modifications can control the transcriptional activity and DNA-binding ability of HSF1. The phosphorylation of HSF1 at serine 303 and serine 307 has been reported to repress its transcriptional activity, [17] [18] [19] and the acetylation of HSF1 at lysine 80 reduces its binding to the HSE. 22, 23 Moreover, Xavier et al. 21 found that GSK3b-mediated HSF1 phosphorylation regulates both DNA-binding and transcriptional activity, suggesting that HSF1 function is coordinately modulated by posttranslational modifications. Holmberg et al. 39 also found that phosphorylation by CaMKII at Once ANG II binds to its receptor AT 1 R, the downstream kinase JNK1/2 is activated to reduce SIRT1 levels via ubiquitin degradation. Without the HSF1 deacetylase SIRT1, the acetylated HSF1 accumulates; at the same time, the levels of the cytosolic inactive HSF1
Ser303
-phosphorylated protein increase. Therefore, HSF1 cannot bind to the IGF-IIR promoter and suppress its expression. IGF-IIR is upregulated and translocates into the surface membrane to sensitize the serum IGF-II, which activates its downstream protein Gaq to induce hypertrophy and apoptosis. Finally, this phenomenon leads to hypertension-induced heart failure serine 230 is essential for HSF1 transcriptional activity, which induces the heat-shock response. However, we did not observe phosphorylation of HSF1 at serine 230 (Supplementary Figures 1A and B) , suggesting that the transcriptional activity of HSF1 was suppressed. Notably, our results show that acetylation and phosphorylation are coordinated to regulate HSF1 function. The sequential order of these HSF1 modifications upon ANG II induction has not yet been determined. Interestingly, Park and Liu 40 reported that JNK-mediated HSF1 phosphorylation at serine 444 is independent of its activation. They found that JNK-mediated phosphorylation has a critical role in the stabilization of HSF1 under stress, which explains our observation that the amount of HSF1 is slightly increased and it is phosphorylated into the inactive form after the ANG II challenge in cardiomyocytes (Figures 5 and 6 ). We suggest that under stress, JNK first initiates HSF1 phosphorylation at serine 444 to stabilize its expression. JNK then degrades SIRT1 to enhance HSF1 acetylation, which is accompanied by HSF1 phosphorylation at serine 303. Eventually, the inactive HSF1 proteins undergo a rapid turnover in SHR heart tissue, resulting in severe heart failure. Our results suggest that the mechanism of HSF1 turnover is an important subject for future investigation.
HSF1 is considered a cardioprotective factor that controls the HSP expression responsible for stress responses in cardiomyocytes. 35, 41, 42 We have demonstrated that HSF1 repressed IGF-IIR expression to protect cardiomyocytes under normal conditions. Similarly, recent studies have reported that HSF1 acts as a transcriptional repressor of certain cytokine genes, including TNF-a and IL-1b, to prevent LPS-induced inflammation. 29, 43, 44 These results support our findings that HSF1 protects cardiomyocytes via transcriptional repression of IGF-IIR expression. Our results demonstrate that ANG II represses HSF1 by two mechanisms: (1) phosphorylation of HSF1 Ser303 to inhibit its transcriptional activity and (2) acetylation of HSF1 Lys80 to suppress its DNA-binding activity. Taken together, our observations identify a novel route for IGF-IIR regulation via JNK-SIRT1-HSF1, affecting hypertension-induced heart failure. ANG II binds to its receptor, AT 1 R, which activates the downstream kinase JNK1/2 to degrade SIRT1 via the proteasome. The loss of SIRT1 then increases HSF1 acetylation, resulting in enhanced IGF-IIR expression, which promotes cardiomyocyte hypertrophy and apoptosis. These findings may lead to a therapeutic strategy for regulating hypertension-induced heart failure. SHRs and normotensive control Wistar-Kyoto (WKY) rats were used in our experiments. The rats were housed at a constant temperature (22 1C) on a 12-h light/dark cycle with food and tap water. The animals were arranged into three groups: WKY rats, SHRs and SHRs treated with irbesartan (SHR/ARB). Each group contained five animals. The ARB drug irbesartan (40 mg/kg per day; Merck, Sao Paulo, Brazil) was placed in the drinking water.
NRVM primary culture. NRVMs were prepared and cultured using a Neonatal Rat/Mouse Cardiomyocyte Isolation Kit (Cellutron Life Technology, Baltimore, MD, USA). Hearts were dissected from 1-to 3-day-old Sprague-Dawley rats and transferred into a sterile beaker. Each heart was digested and stirred in the beaker at 37 1C for 12 min. The supernatant was then transferred to a new sterile tube and spun at 1200 r.p.m. for 1 min. The cell pellets were then resuspended in D3 buffer and preplated for 1 h by seeding on an uncoated plate at 37 1C in a CO 2 incubator to select the cardiac fibroblasts. The unattached cells were transferred onto plates that were precoated with NS medium (supplemented with 10% fetal bovine serum). After overnight culture, the NS medium was replaced with a serum-free NW (without serum) medium. The cardiomyocyte cultures were ready for experiments 48 h after the initial plating.
Expression plasmids and gene construction. Flag-AT 1 R was a gift from Dr. Stephen SG Ferguson (Robarts Research Institute and Department of Physiology and Pharmacology, University of Western Ontario, London, Ontario, Canada). SIRT1-WT, SIRT1-H363Y (dominant-negative mutant) and HSF1 were purchased from Addgene (Cambridge, MA, USA). The IGF-IIR luciferase reporter constructs were generated as described previously. 16 Cell culture and transient transfection. H9c2 cardiomyoblast cells derived from embryonic BD1X rat heart tissue were obtained from American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's modified essential medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 1 mM pyruvate in humidified air (5% CO 2 ) at 37 1C.
The cells were grown to 80% confluence on the day of transfection. The plasmids and siRNAs were transfected using the PureFection transfection reagent according to the manufacturer's instructions (System Biosciences, Mountain View, CA, USA). All siRNAs were purchased from Sigma (St. Louis, MO, USA).
Luciferase reporter assay. Briefly, cells were co-transfected with both luciferase IGF-IIR reporter constructs and internal control luciferase plasmids. After transfection and treatment, the cells were assayed for luciferase activity using a Dual-Glo Luciferase Assay System (Promega, Sunnyvale, CA, USA). Plates were read on a Reporter Microplate Luminometer (Turner Biosystems, Sunnyvale, CA, USA). To control for potential variations in transfection or lysis efficiency, the luciferase signals were normalized to the internal control luciferase signal.
Antibodies and reagents. The following antibodies were used in this study: anti-IGF-IIR, anti-SIRT1, anti-JNK1/2, anti-phospho-JNK1/2, anti-ERK1/2, anti-phospho-ERK1/2, anti-PI3K, anti-MEK1/2, anti-phospho-MEK1/2, anti-b-actin and anti-HDAC1 from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-Flag and anti-acetyl-lysine from Abcam (Cambridge, UK); anti-HSF1 and antiphospho-PI3K from Cell Signaling Technology (Danvers, MA, USA). All the secondary antibodies (anti-rabbit, mouse and goat, HRP-conjugated) were purchased from Santa Cruz Biotechnology. All reagents were purchased from Sigma.
Western blot analysis and immunoprecipitation. A total of 30 mg of total lysates or 10 mg of subcellular fractions was separated using 6-12% SDS-polyacrylamide gel electrophoresis and then transferred to PVDF membranes (GE Healthcare, Amersham, UK). The membranes were blocked using 5% non-fat milk and blotted with specific antibodies overnight at 4 1C. Then, the protein signals were measured using horseradish peroxidase-conjugated secondary antibodies (1 : 10 000; GE Healthcare) and Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA, USA). Densitometric analysis of the immunoblots was performed using the AlphaImager2200 digital imaging system (Digital Imaging System, Commerce, CA, USA). The digital images were processed in Adobe Photoshop 7.0. Each blot was stripped using Restore Western Blot Stripping Buffer (Pierce, Rockford, IL, USA) and incubated with other antibodies. The results were analyzed and quantified by the Image J software (NIH, Bethesda, MD, USA).
Immunoprecipitations were performed from H9c2 cell lysates using the PureProteome Protein G Magnetic Bead System (Millipore) according to the manufacturer's instructions. A total of 300 mg of cell lysate was prepared. The lysate was combined and allowed to interact with 2 mg of a specific primary antibody, and the mixture was incubated on a rotator at 4 1C overnight. Immunoprecipitated proteins were eluted from magnetic beads at 95 1C for 5 min and separated by SDS-PAGE. The proteins were transferred to a PVDF membrane and probed with specific antibodies.
RNA extraction and RT-PCR. Total RNA was extracted using the Directzol RNA MiniPrep Kit (Zymo Research Corporation, Irvine, CA, USA) according the manufacturer's instructions. Briefly, 1 mg of total RNA was incubated with 0.5 mg of oligo dT (MD. Bio., Taipei, Taiwan) at 70 1C for 15 min. Then, the RNA was mixed with buffer containing 0.25 mM dNTPs (MD. Bio.), 20 U of RNasin I Plus RNase Inhibitor (Promega, Madison, WI, USA) and 20 U of M-MLV Reverse Transcriptase (Promega) and incubated at 42 1C for 90 min for cDNA synthesis. This mixture was then used for specific cDNA amplification in a GeneAmp PCR system 2400 (Perkin-Elmer, Waltham, MA, USA).
ChIP assay. A ChIP assay was performed using lysates from H9c2 cells that were treated with ANG II. The assay was performed using EZ ChIP Chromatin (Millipore, Temecula, CA, USA) according to the manufacturer's instructions. The cells were washed in PBS three times and incubated for 10 min with 1% formaldehyde. After quenching with 0.1 M glycine, the crosslinked material was sonicated into chromatin fragments with an average length of 500-800 bp. The chromatin was kept at À 80 1C. The chromatin solution (100 ml of chromatin sample and 900 ml of dilution buffer) was precleared by adding Protein G agarose for 2 h at 4 1C, and immunoprecipitation was then performed with Protein G agarose and 1-10 mg of the indicated antibodies overnight at 4 1C on a rotating wheel. The immunoprecipitated material was washed five times with cold washing buffer. The crosslinks were reversed by incubating the samples with 8 ml of 5 M NaCl for 5 h at 65 1C, and 10 mg of RNase A was added to eliminate the RNA. The recovered material was treated with proteinase K, placed in spin columns and precipitated. The pellets were resuspended in 50 ml of double-distilled water and analyzed using PCR.
Indirect immunofluorescence and confocal microscopy. Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 0.1% Triton X-100 for 15 min at room temperature before staining with a specific antibody. Then, the cells were washed and stained with Alexa 546 rabbit anti-mouse IgG secondary antibodies (Invitrogen, Carlsbad, CA, USA). Images were captured using a Leica SP2 Confocal Spectral Microscope (Buffalo Grove, IL, USA). The images were processed using Adobe Photoshop.
Measurement of surface IGF-IIR expression. Cells were seeded into 12-well plates on the day before treatment with siRNAs or drugs. After treatment, the cells were washed using PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. Then, the cells were blocked with 5% goat serum and incubated with a mouse anti-IGF-IIR antibody (ab2733; Abcam) overnight at 4 1C. After staining with the primary antibody, the cells were incubated with a rabbit antimouse HRP-conjugated antibody for 1.5 h at room temperature. Finally, the cells were washed and incubated with the HRP substrate (1-step ultra TMB solution; Pierce) for 30 min. The reaction was stopped using 1 M sulfuric acid. The sample was measured at 550 mm.
Statistical analysis. All experiments were performed at least three times. Statistical analysis was performed using the GraphPad Prism5 statistical software (GraphPad, San Diego, CA, USA). Statistical significance was set at Po0.05. Multiple comparisons of the data were analyzed by the ANOVA assay. All results were quantified by Image J (NIH) and processed using Adobe Photoshop.
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